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Abstract. Article is devoted to calculation the bisteel non-central compressed columns from I-shaped profile.
The web of I-shaped profile is made of structural steel, the flanges is made from increased-durability steel.
The analytical decision used the system of the equations was applied. Also, physical tests of prototypes on
the prof. Korobov's testing machine were carried out. Loading is applied eccentrically to a steel plate, the hinge
support applied to the lower plate, plates are fixed by screws from rotational translations. Displacements on
axes are measured in the plane of the section in middle of rack and also occurs tilt angles. Calculation in
ANSYS software taking into account physical and geometrical nonlinearity is carried out. It is established that
analytical calculation gives the results close to experimental values (the maximum divergence of 15 %), the
configuration of schedule of ANSYS simulation results repeats the schedule of experience data, and a
divergence of results is insignificant (to 9 %).

1. Introduction

In sections with non-central loaded buildings constructions arise various tension, at the same time a
part of section is used ineffectively. The idea to use in the loaded parts of section high-strength metal is
effective as it allows using optimum sections — in places with big tension steel with a high durability is applied.

The possibility of application the bisteel constructions were analyzed by several scientists in Russia and
abroad.

Authors [1] made using comparison of bridges load-bearing element working in seismic zones. A part
of constructions it was executed as bisteel.

In a [2] research of a bend of the two-layers steel beam (steel with normal and high-strength durability)
shown, that the normal stresses in multilayer beams depend on the bending stiffness’s relative to the principal
axes of cross sections of the beams.

A similar analysis with bisteel profile was made with bisteel beam (a composition of high-strength steel
inclusions for the flanges in the region of maximum stresses and of low-strength steel for remaining volume of
the beam) [3].

In the [4] article analyzes the stability of bisteel beams taking into account the development of plastic
deformation in one or more cross-sectional elements.

Calculation of section of bisteel beams was carried out also using ANSYS complex [5]. Quantitative
assessment of the phenomenon of a delay of the beginning of fluidity of the elastic-plastic zones of a wall
adjoining elastic belts is received.

The authors of [6] performed experimental and numerical modeling of bending and torsion behavior and
bearing capacity of columns from an equal-angle L-shape column of hot-rolled austenitic steel with a fixed
end.

The authors of [7] conducted a comprehensive experimental and numerical study of the behavior of
welded stainless-steel beam-columns. Twenty test specimens were made of duplex plates; they were tested

Evtushenko, S.1., Petrov, I.A., Shutova, M.N., Chernykhovsky, B.A. Bearing capacity of eccentrically compressed
bistal columns. Magazine of Civil Engineering. 2021. 102(2). Article No. 10201. DOI: 10.34910/MCE.102.1

This work is licensed under a CC BY-NC 4.0


https://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by/4.0/
http://dic.academic.ru/dic.nsf/eng_rus/594878/load

Magazine of Civil Engineering, 102(2), 2021

for bending with compression. Tensile tests and geometric defects were also conducted. Numerical models
were developed, calibrated according to test results and subsequently used in parametric studies, taking into
account a wider range of sample geometries.

The authors of [8] studied the properties of a rack made of square steel pipes filled with concrete with a
cross section in the L-shape. Using two eccentric compression experiments, the fracture mode, load
displacement curves for the entire element, and deflection curves for the rack were obtained.

The authors of [9] experimentally and numerically investigated the bending behavior of welded steel
I-beams under eccentric compression.

The authors of [10] studied the mechanical properties of a steel L-shape column rigidly fixed with one
support. The influence of the plate thickness and the number of bolts on the bearing capacity was analyzed.

The authors of [11] performed an experimental study to assess the effect of vertical soil movement on
steel columns with wide flanges in the lower floors of steel frames. Three cyclic side load tests were performed.

The authors of [12] conducted a numerical study of columns made of high-strength steel plates. The
study included 4 reference models, confirmed by test data, and parametric research models.

The authors of [13] tested 28 steel L-shape specimens to study their reaction when it is necessary to
withstand the axial compressive load at different end eccentricities.

The authors of [14] investigated the stability and design of laser-welded stainless-steel I-beam columns.

In [15], the authors conducted an experimental study on the ultimate strength of welded I-beams made
of steel using laser cutting under axial compression.

The methodology for calculating centrally and eccentrically compressed non-ideal rods of a rectangular
profile in critical and supercritical states is described in the [16], in which the principle of possible displacements
was used as the calculation method.

The authors of [17] proposed variants of linearized differential equations of “geometrically” and
“physically” nonlinear problems on bending-torsional deformations of thin-walled open-profile rods. Two “step-
by-step” methods for solving the original nonlinear problem are considered. General expressions are obtained
for the formation of sequentially refined stiffness matrices of rods as systems with 14 degrees of freedom with
the possibility of introducing them into the finite element method programs when calculating bar nonlinearly
deformable structures.

The solution of the problem of determining the bearing capacity and stability of compressed rods is
urgent. Many authors offer various methods, some of which use the calculus of variations [18-19].

Many scientific works provide examples of determining the bearing capacity of beam and column
structures by analytical and numerical methods [20-24].

The purpose of this study is to compare the results (the dependence of the axial displacements of the
mid-section) of the calculation of the eccentrically loaded bisteel column using the analytical and numerical
method of solution, and also to prove their comparability with the experimental results.

2. Methods
2.1. Analytical method

Bisteel columns are effective constructions in comparison with traditional monosteel standard
structures: the bearing capacity of section increases due to elastic-plastic work and a favorable combination
of various durability of steel.

At production welded I-shaped profiles residual tension influence were arisen. Their influence on the
intense deformed condition of thin-walled elements of metal designs is studied insufficiently. Calculation
methods were developed for bisteel elements of metal constructions beyond an elasticity limit.

Algorithms of finding of maximum loads of non-central compressed welded the bisteel columns are
developed, considering residual welding tension and elastic-plastic deformations.

According to project codes calculation of the compressed elements of steel metal structures consists of:

— selection of the sizes of cross section providing the set service conditions at and minimum cost;
— check of durability;

— check of rigidity;

— check of general stability and also stability of elements of cross section.
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Feature of work of non-central compressed columns with two-axis eccentricity is the development of all
three characteristic deformations (deflections in two planes and the angles of twisting).

For the analysis of the intense deformed condition of thin-walled elements at elastic-plastic deformations
used the charts of balance conditions connecting the internal forces of a profile with its displacements.

Searching of the limit parameter of the load N (loss of bearing capacity) provides by step method. Njim is
a load from requirement of first and second group of limiting condition.

The conducted researches are based on the system of the differential equations of a bend and torsion of
thin-walled cores of open profile with the geometrical and physical nonlinearity, offered by A.Z. Zarifyan [25]. The
decision of a boundary-value problem based on method of "elastic solution”, developed by A.A. Ilyushin.

For analyses pendulum column (H-shape form), compressed by longitudinal force N, having an
eccentricity €x, €y (shown on Fig. 1) using system of the differential equations (1):
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where Qzy,t, Oxy,t, Oyy,t, Myt are intensity of additional distributed loading in the plasticity zone, which
depends on the propagation of the plastic strain zones along the cross section and the length of the rod. The
additional load functions were determined from the formulas:

Gzv = Ny; Gxy = (Myy)'; Gyy == (Mxy)"; my = By, 2)
where Ny, M xy, M yy, By are partial values of internal forces in the zones of plastic deformations of the rod’s

cross sections, arising from the difference between the elastic and effective stresses, according to the actual

diagrams of deformation of the materials of the column elements (oi—&). In the absence of plastic
deformations in the sections, we consider these quantities to be equal to zero. A detailed description of the
algorithm for determining the bearing capacity for eccentrically compressed rods, taking into account the
geometric and physical nonlinearity, is given in [26].

In the general case, the algorithm for solving the system of nonlinear differential equations was
implemented as follows:

e atthe first step, the plasticity function (&), the intensity of the additional loads Qxy, 1, ..., as well as

the additional forces in the boundary sections Myy, 1, ... are set equal to zero and a system of
linearized ordinary differential equations was solved. At the next stage, the values of the

displacement functions ¢1, &1, 171, 61 were determined, the strain intensities &, 1 were calculated,
the zones of plasticity propagation over the cross sections and the length of the thin-walled rod were
found.

e taking into account the nature of the diagrams oit = oif (&) for the shelf and oiw = oiw (&) for the
column wall, the stress intensities i, the plasticity function y2(&) were found and the quantities the
development of plastic areas, the values Qxy, 2, ... and Mxy, 2, .... The rod, in addition to the given
external forces, was loaded with additional distributed loads Qxy, 2, ... in the span along the
elastoplastic region and additional forces Mxy, 2, ... at the ends. Since the expressions Qxy, 2, ...,

My, 2, ... were determined by substituting the corresponding formulas for the displacement functions
of the previous approximation into nonlinear terms, a system of linear differential equations was
obtained.

The calculation in the third and following approximations was reduced to the sequential solution of linear
equations.

The system of differential equations (1) for calculating elastoplastic thin-walled rods of an open profile
is obtained on the basis of the following premises:
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o the projection of the contour of the cross section on the accompanying plane normal to the deformed
axis of the centers of bending of the rod is not distorted;

o shear deformations of the middle surface are insignificant, and their influence on the law of
distribution of longitudinal displacements along the midline of the contour can be neglected;

e normal stresses in the cross section are considered uniformly distributed over the thickness;

e tangential stresses 75 are directed parallel to the tangent to the midline and along the thickness of
the profile elements and vary linearly.

o for rods made of elastoplastic materials, under simple loading, the dependence between the stress
intensity oj and the strain rate & is taken in the form i = E [1-y(a)] &, where y(&) is a function
depending on the achieved level of strain intensity and determined from the diagram oi— & of the
material;

o with simple loading in the rods of elastoplastic materials, there is a continuous increase in the strain
intensity;

o the relationship between deformations and components of the displacement vector has the form

a=¢-(E+0n)x-(n -0&)y-0 o

o to determine the boundaries of the distribution of plastic zones over cross sections and the length of
a thin-walled rod, the Mises plasticity condition was adopted. The transition of the rod to the
elastoplastic state occurs when the stress intensity value in the most stressed fibers becomes equal

to the yield strength of the material o = oy.
At non-central compression with the two-axis eccentricity identical on both ends, kinematic boundary
conditions for &, 77, & do not change and depend on a way of fixing of a core. Internal efforts in the case of the
development of plastic deformations in the main sections when the force N is transmitted to the ends of the

rod through diaphragms that are rigid from their plane (the absence of an external bimoment at the ends) have
the form:

£=n=60=0, M, =Ne,~M,, M,=-Ne,~M,,, B=Nee,~B,.

The calculation results using formulas (1), (2) are shown on diagram, Fig. 6, denote by green color.
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Figure 1. The design scheme of column and cross section:
1 - normal-strength steel; 2 — high-strength steel.
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Table 1. Parameters of the studied specimens.
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[
Geometrical values 5 % é g
. TN ) - -
b Wy f, tw, tr, - 7 g
-
of rack mm mm mm mm N, kN Ay
2 8 9 10 11 13 14 15
1 KM 1-01 62 61 2 2 34.0 60 85.5
2 KM 1-02 63 60 2 2 61 --
3 KB 1-03 42 38 2 4.5 23.0 96 94
4 KB 1-04 41 39 2 4.5 94 --
5 KB 2-01 26 45 2 4.5 85 105
6 KB 2-02 27 44 2 4.6 24.5 88 --
7 KB 2-03 25 45 2 4.5 85 --
8 KB 2-04 27 45 2 4.6 86 --
Note: KM is monosteel rack; KB is bisteel rack.
& £
stran {m m=-1] a) Srin {m m11 b)

Figure 2. Bilinear isotropic hardening chart: a— 09G2; b — VSt3spb5.

2.2. Experimental method

Testing of welded I-shaped rack by compression with an eccentricity [27] relative to both main axes were
carried out on special test unit based on 10-ton unit used prof. Korobov’s system (Fig. 3).
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The optimal sizes of the experimental bisteel pillar columns were calculated using the multicriteria
multiparameter optimization of the cross-sectional dimensions of eccentrically compressed rods, the material
of which works in the elastoplastic stage [17].

The following materials were used for the rack:

— webs of the I-beam profile were made from sheet broadband universal hire of the brand VSt3sp5
(Russian State Standard GOST 27772-88*) with design resistance Ry, w = 235 MPa,

— flanges of the I-beam profile were made from high-strength steel of the brand 09G2 (Russian State
Standard GOST 19282-73*) and 14G2 with design resistance Ry, = 355 MPa.

The columns were welded by semi-automatic welding in carbon dioxide. To make the shape and
dimensions of the posts after welding consistent with the design, a number of measures were taken during
their manufacture, which were reduced to compensate for the plastic deformation that develops during
welding. These included the following:

e increase in stiffness by means of special fastenings of the elements being welded (use of a
conductor);

e application of a rational order of welding.
The ends of the strut elements were milled to obtain a flat supporting surface.

It was made 8 racks of two series. Each series consisted of 4 samples. After manufacturing, each rod
was measured in three sections along the length using a caliper. The scatter of measurements was no more
than 1.6 %, which made it possible to use all the characteristics.

To obtain a diagram o—¢ of the material of the shelves and walls, flat samples were made, which were
subjected to tension up to fracture. In the elements (wall and shelves) of the H-shaped profile of sheet metal,
the samples were oriented in the direction of the greatest compressive stresses in the column. Production of
samples and their tensile tests were carried out according to Russian State Standard GOST 1497-84*.

Testing of all rods for eccentric compression was carried out according to a single method. The full test
cycle of each rod in the elastic and elastoplastic stages included the preparatory stage and the test phase. At
the preparatory stage, after the final centering, the rod was installed in the supporting devices of the machine
with the specified eccentricities of the load application and the measuring devices were mounted.

The eccentricities €x, €y of the application of the load were created due to the displacement of the axis
of the rack relative to the axes of the loading device of the testing machine. The magnitude and sign of the
eccentricities at both ends of the rod were assumed to be the same. After obtaining the specified eccentricity
of the load application, eccentric loading was performed by the applied force.

The following measurements were made on the tests:

— displacement of the center of a bend (&, 7) in the direction of axes OX and OY in the central section
of the column (were installed dial indicators with an increment of 0.01 mm);
— deformation in the middle of the rack using strain gauges with a base of 10 mm and strain gauge

station VST-6. The device provided measurement of longitudinal deformations with an accuracy of
1-10-% and allowed to define relative deformations up to 2 %;

— bearing capacity (it was fixed according to indications of a dynamometer).
The tests results are shown on diagram, Fig. 7, denoted by red color.

2.3. Finite element modelling method

Finite element model of rack was calculated by ANSYS software. Authors found that the divergence
between the calculation and experimental results for the tested rack in the linearity zone is on average 3.39 %
[28]. Computer analysis of the data allows obtaining the results of deformation of an eccentrically compressed
column without full-scale experiment.

The model consists of: steel plate with design resistance Ryw = 235 MPa (web of I-beam); steel plates

with design resistance Ryt = 355 MPa (flange of I-beam); prisms (welded seams); heavy plate (upper plate
has a load, lower plate has a fixing surface); constraints by side screws (Fig. 4).

The finite element model consists of tetrahedral (lower and upper plates) and hexahedral (the rest of
the model) elements with a minimum size of 1-2 mm near the boundary conditions or contact interaction. For
extended and geometrically unchanged sections of the structure, a bias modifier is used, which allows to
reduce the number of elements in the model without losing the accuracy of the calculation results (Fig. 5).
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Figure 5. Biased mesh.

The calculation was carried out in a nonlinear formulation. Such a statement implies an iterative type of
solution. This means that the conditional loading time is divided into substeps, in each of which the load applied
to the structure increases sequentially to the nominal value, the design scheme changes due to deformations
(geometric non-linearity), and the elastic properties of the material also change when the stresses leave the

proportional band (physical nonlinearity).

3. Results and Discussion

The resulting contours of the values of the directional deformations are represented in Fig. 6.

b

Figure 6. Directional deformation:

a—in the direction of ax Ox, b —in the direction of ax Oy.

All results are represented in Table 1 and on the Fig. 7.

Table 2. Results of analytical solution, tests and computer simulation.

Loading, kN 5 10 15 25 30 32
Deformation in the direction of axis OX
Tests results 0.052 0.114 0.179 0.271 0.486 0.75 0.84
Results of calculation by (1), (2) 0.052 0.103 0.164 0.244 0.4 0.63 0.79
Nonlinear Finite Element Analysis 0.051 0.102 0.154 0.206 0.257 0.308 -
Deformation in the direction of axis OY
Tests results 0.06 0.126 0.196 0.269 0.371 0.56 0.61
Results of calculation by (1), (2) 0.06 0.126 0.205 0.298 0.44 0.662 0.79
Nonlinear Finite Element Analysis 0.059 0.12 0.18 0.24 0.299 0.36 0.382

Evtushenko, S.1., Petrov, I.A., Shutova, M.N., Chernykhovsky, B.A.



Magazine of Civil Engineering, 102(2), 2021

a) Diagramm of dependence b) Diagramm of dependence N-n
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Figure 7. Diagramms of results: a — diagramm of dependence N-¢ (in the direction of axis OX),
b —diagramm of dependence N-# (in the direction of axis OY).

Analytical calculation for formulas (1) and (2) gives the results close to experimental values (the
maximum divergence of 15 %), the configuration of schedule of ANSYS simulation results repeats the
schedule of experience data, and a divergence of results insignificant (to 9 %). In the analytical calculation,
linear displacements in the direction of the main axes of inertia of the cross section and angular displacements
relative to the axis of the column were taken into account. Linear deformations are given in the results of the
analytical solution. Under the given boundary conditions corresponding to the parameters of the physical
model, total angular displacements in the numerical experiment were less than 0.1 degrees. In a physical
experiment, torsional strains were not measured [26]. Thus, it is possible to draw a conclusion on adequacy
of computer calculation for the solution of a difficult nonlinear problem. Methods for determining bearing
capacity were used to optimize the cross-sectional size of thin-walled rods.

The calculation module for determining the bearing capacity was used to solve the problem of
multicriteria optimization of the parameters of the cross section of the bisteel column, taking into account
geometric and physical nonlinearity. Optimization was carried out at given values of the column length and
compressive force, which was applied with eccentricities. The solution to the optimization problem was based
on a search method in a uniformly distributed sequence. The following parameters were taken as varied:
design resistance of the material, wall and shelf dimensions. Regulatory (local stability of the wall and shelf
profiles of the column) and structural limitations (the possibility of using welding equipment in the manufacture
of the column) were taken into account. The following criteria were taken as criteria of the objective function:
the cross-sectional area of the column, the moment of inertia of the cross-section in the plane of least rigidity,
and the manufacturing cost.

Based on the solution of the problem of determining the bearing capacity, a technique is developed for
optimizing the cross-sectional dimensions of a composite H-shaped eccentrically compressed welded bisteel
columns, taking into account the elastoplastic properties of the material, initial defects and residual stresses
in a geometrically and physically nonlinear setting under a given load [29].

4. Conclusion

1. A theoretical and experimental study of the operation of columns of steel of two grades with
different yield strengths under static load was carried out. The method for determining the maximum loads
makes it possible to rationally select economical sections in the form of a welded I-beam taking into account
the required regulatory restrictions.

2. The results of analytical and numerical modeling of the stress-strain state and ultimate loads of
the bisteel columns are in satisfactory agreement with the data of experimental studies.

3. The developed technique was used to solve the problem of multi-criteria, multi-parameter
optimization of the cross-sectional dimensions of H-shaped columns with a high degree of sampling of the
dimensions of the structure.
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